Introduction
Recent studies have demonstrated widespread impacts of climate change on marine ecosystems, including changes in species abundance, distribution and demography, community reorganization, phenological shifts, and ocean acidification (Doney et al., 2012; Poloczanska et al., 2013; Bernhardt and Leslie, 2013 and references within) . Many of the observed rates of change in marine systems are comparable to, or greater than, those observed in terrestrial systems (Burrows et al., 2011; Poloczanska et al., 2013) . Changes in ocean biogeochemistry are among the most significant in terms of their potential impacts on marine life, particularly in coastal ecosystems (Doney et al., 2009; Hauri et al., 2009; Keeling et al., 2010; Gruber 2011; Gruber et al., 2012; Taylor et al., 2012) .
Models forced by increasing greenhouse gases predict a decline in midwater oceanic dissolved oxygen (DO) as a result of enhanced stratification and reduced ventilation (Sarmiento et al., 1998; Keeling and Garcia, 2002) . Analyses of long-term oceanic datasets have revealed declining DO levels that are consistent with these climate projections (Deutsch et al., 2005 (Deutsch et al., , 2011 Whitney et al., 2007 Whitney et al., , 2013 . In the equatorial Pacific, Stramma et al. (2008 Stramma et al. ( , 2010 have shown a thickening and shoaling of the Oxygen Minimum Zone (OMZ), which could result in reduced oxygen supply to the boundary upwelling systems of North and South America. In the Southern California Current, DO declines of 1-2 μmol kg À 1 y À 1 have been observed in recent years McClatchie et al., 2010; Meinvielle and Johnson, 2013) , while the frequency of hypoxic events has increased in the northern California Current (Chan et al., 2008; Booth et al., 2012) . It is expected that changes in other key water properties will also occur, including the inorganic nutrient concentrations that drive ocean productivity (Whitney et al., 2013) . Shoaling of the OMZ will likely lead to significant and complex ecological changes including anoxia for benthic organisms, reduction in pelagic habitat for top predators (Koslow et al., 2011) , and more numerous invasions from hypoxia tolerant species (Stewart et al., 2012) . Alterations in total nutrient concentrations, or the relative content of the nutrients, could lead to community reorganization within marine ecosystems (Margalef, 1962 (Margalef, , 1978 Smayda, 1963; Karl et al., 2012; Taylor et al., 2012) .
While a number of studies have investigated long-term oxygen dynamics throughout the tropical and extratropical Pacific, fewer studies have reported on long-term variability in nutrient content. This is largely due to a lack of nutrient time series of sufficient length to detect low-frequency climate signals. A long data record within the Oyashio, off the northern coast of Japan, has shown a freshening of the winter mixed layer and declining phosphate levels (Ono et al., 2001) . Over a broader region of the subarctic Pacific, Ono et al. (2008) reported declines in summer near-surface nutrient levels over the period , accompanied by increases (decreases) in intermediate layer nutrients (oxygen) (Watanabe et al., 2008) . At the long time series Station 'P' in the northeast Pacific, Whitney (2011) found weak increasing trends in surface layer nutrient concentrations, even though increased stratification (Freeland et al., 1997 ) is expected to reduce the winter resupply of mixed layer nutrients. Whitney et al. (2013) synthesized these and other observations from several time series programs throughout the North Pacific to document a long-term enrichment of subarctic pycnocline nitrate (200 Gmol y À 1 ). They suggested that this enrichment counters the effects of increased stratification, resulting in a surface nutrient supply that remains nearly constant. Di Lorenzo et al. (2009) further suggested that decadal oscillations in upper ocean nutrients in the eastern North Pacific results from atmospherically-driven changes in the strength of the North Pacific gyres. The California Current Ecosystem (CCE) Long Term Ecological Research (LTER) site is within a productive coastal upwelling biome that is strongly influenced by remote and local physical forcing. The site is built upon more than 65 years of extensive sampling of the regional physics, chemistry, and biology, through the California Cooperative Oceanic Fisheries Investigations (CalCOFI) program (Hewitt, 1988; Peña and Bograd, 2007) . The long CalCOFI time series provide a unique opportunity to investigate climate impacts on the CCE, including changes in regional biogeochemistry and the mechanisms leading to transitions between ecosystem states. Here we use the CalCOFI dataset to investigate long-term alteration of water mass characteristics in the CCE-LTER region, focusing on inorganic nutrient concentrations, and speculate on the mechanisms and biological implications of these changes.
Data and methods

CalCOFI time series
Since 1984, CalCOFI has consistently sampled six nominal lines in the southern CCE from San Diego to Pt. Conception quarterly, with target months of January, April, July, and October (Fig. 1A) , with measurements of inorganic nutrients and chlorophyll. Prior to 1984, only basic hydrographic variables and dissolved oxygen were routinely measured. Stations are designated by a line and station number, with nominal station spacing of $ 70 km offshore but considerably less inshore of the islands. Routine station occupations (on 66 standard stations) deploy a SeaBird CTD instrument with a 24-place rosette, which is equipped with 24 10-L plastic (PVC) Niskin bottles (Scripps Institution of Oceanography, 2012). Casts are typically made to $ 525 m depth, bottom depth permitting, with continuous measurements of pressure, temperature, conductivity, dissolved oxygen and chlorophyll fluorescence. Bottle samples are taken at 20 depths, and are generally chosen to provide high resolution (o10 m) around the subsurface chlorophyll maximum and the shallow salinity minimum of the upper thermocline. Salinity, dissolved oxygen and inorganic nutrients are determined for all depths sampled, while chlorophyll-a and phaeopigments are determined within the upper 200 m, bottom depth permitting. Pressures and temperatures for each water sample were derived from the CTD signals recorded just prior to in situ bottle sampling. Salinities were analyzed at sea from the bottle data using a Guildline model 8410 Portasal salinometer, with results quality controlled using discrete measurements from the Niskins (Scripps Institution of Oceanography, 2012). There have been more than 6700 station occupations on the CalCOFI grid off southern California between January 1984 and April 2012. CalCOFI's longevity and consistent sampling methodology allow for reliable time series analyses at a number of geographically fixed locations within the southern CCE.
Dissolved oxygen samples were collected in calibrated 100 mL iodine flasks and analyzed at sea by the modified Winkler method (Carpenter, 1965) , using the equipment and procedure outlined by Anderson (1971) . Percent oxygen saturation was calculated from the equations of Garcia and Gordon (1992) . Dissolved silicic acid, phosphate, nitrate and nitrite concentrations were determined at sea using an automated analyzer (Atlas et al., 1971) , following procedures similar to those described in Gordon et al. (1993) . Estimates of precision of these standard techniques are 0.001 1C, 0.002 for salinity, 0.02 mL L À 1 for DO, and 0.5, 0.01, and 0.1 μmol kg À 1 for silicic acid, phosphate, and nitrate, respectively (Scripps Institution of Oceanography, 2012). Further details of the standard sampling and analysis procedures, along with all data and derived variables, can be found in any of the CalCOFI data reports (e.g., Scripps Institution of Oceanography, 2012) or online at www.calcofi.org. In addition to the variables described above, we also derive spiciness, a state variable (units of s t ) that is most sensitive to isopycnal thermohaline variations and least correlated with the density field (Flament, 2002; Bograd and Lynn, 2003) . Spiciness is conserved in isentropic motions, and its value increases with increasing temperature and salinity. As density-compensated temperature and salinity variations along isopycnal surfaces, spiciness anomalies have been used as a tracer of basin-scale water mass movements (Schneider, 2000; Sasaki et al., 2010; Li et al., 2012) .
Focal regions
Here we focus on long-term linear trends in water column physical and chemical properties at select stations and isopycnal levels that represent the dominant source waters to the region ( Fig. 1 (Lynn and Simpson, 1987; Lynn and Simpson, 1990) ; Station 93.110 (301 10.8'N, 1221 55.2'W) is located more than 600 km offshore of southern California, and represents water masses offshore of the main California Current core, within the oligotrophic North Pacific Subtropical Gyre (NPSG). We computed linear trends in water mass properties (isopycnal depth, spiciness, dissolved oxygen, inorganic nutrients and nutrient ratios) over the entire 28-year record , and also separately for each quarter (JanuaryMarch, etc.). The magnitude of the linear trends were used to quantify the variability in each property over the record and to describe the three-dimensional spatial patterns of that variability. The short length of the time series precludes us from distinguishing secular trends (possibly driven by uni-directional climate change) from low-frequency climate variability.
Ocean reanalysis products
To identify potential mechanisms and time scales of the observed water mass variability, we further investigated long-term subsurface dynamics in the North Pacific using two global reanalysis products: the European Centre for Medium-range Weather Forecasting (ECMWF) Ocean Reanalysis System (ORA-S3) and the Simple Ocean Data Assimilation (SODA 2.1.6). ORA-S3 is based on the Hamburg Ocean Primitive Equation model (Wolff et al., 1997) and the optimal interpolation assimilation scheme (HOPE-OI scheme). This dataset covers the global ocean with a uniform 11 Â 11 horizontal resolution and 29 levels in the vertical, spanning the period January 1959 to December 2009 (Balmaseda et al., 2008) . The SODA reanalysis dataset is based on multivariate optimal interpolation using the Parallel Ocean Program POP 1.4 model (Smith et al., 1992) . The spatial resolution of the SODA output is 0.51 Â 0.51 in longitudinal and latitudinal directions and 40 vertical levels, spanning the period January 1958 to December 2008 (Carton and Giese, 2008) . These two reanalysis products are available on Asia-Pacific Data-Research Center (APDRC), University of Hawaii (http://apdrc.soest.hawaii.edu/ dods/public_data/Reanalysis_Data/ORA-S3/1 Â 1_grid.info and http:// apdrc.soest.hawaii.edu/dods/public_data/SODA/soda_pop2.1.6.info).
Variability in water masses
The LTER-CCE/CalCOFI region has long been identified as a confluence of water mass influences from the subarctic Pacific, via the California Current (CC), and from the northeastern tropical Pacific, via the California Undercurrent (CUC) (Hickey, 1979 (Hickey, , 1998 Lynn and Simpson, 1987) . Their influences are evident in maps of the mean properties on isopycnal surfaces (Fig. 1) .
The s θ ¼25.8 kg m À 3 isopycnal surface is located in the lower pycnocline, within the spiciness minimum zone. The low-salinity tongue offshore identifies the shallow (upper 200 m), equatorward flowing CC, which supplies the region with relatively cool, fresh (low spiciness) waters originating in the subarctic Pacific (Lynn and Simpson, 1987) . The higher salinities on the shelf reflect upwelled waters (Fig. 1B) . In the long-term mean, the core of the CC is located near Station 80.80 (Lynn et al., 1982) , although the position of the core varies seasonally, moving closer to shore in spring-summer similar to that found by Lynn et al. (2003) . The s θ ¼26.5 kg m À 3 isopycnal surface is at the depth of the subsurface spiciness maximum associated with the CUC, a poleward flow confined to the continental slope of the North American continental shelf that supplies the region with waters of tropical origin (Reid, 1962 Wooster and Reid, 1963; Wooster and Jones, 1970; Lynn and Simpson, 1987; Pierce et al., 2000; Castro et al., 2001; Bograd and Lynn, 2003) (Fig. 1C) . The relatively warm and salty (high spiciness) waters brought into the region at this density surface spread offshore and are often entrained within offshore-propagating mesoscale eddies . Station 93.30 is situated within the CUC core. Long-term changes in the physical and chemical properties observed at the stations identified above are therefore hypothesized to be indicative of large-scale changes in the volume and/or properties of source waters to the region.
Time series at source water stations
Water property time series on the s θ ¼ 25.8 kg m Tables 1 and  2 ). Both isopycnal surfaces rise in summer and fall in winter, but there is considerable interannual variability in their depths, the annual ranges of those depths, and the overall thickness of the water column between these two surfaces at any given station (not shown). There is no significant long-term trend in the depth of these surfaces at the CC (80.80) or CUC (93.30) stations (Fig. 2) , but there is a significant positive trend in the depth of the s θ ¼ 26.5 kg m À 3 isopycnal surface at the offshore oligotrophic station (93.110), i.e. a shoaling of $22 m over the 28-year period. El Niño events stand out as times of depressed isopycnals, primarily due to significant warming in the upper water column (Bograd and Lynn, 2001; Lynn and Bograd, 2002) . Dissolved oxygen shows a long-term decline only at the deeper density level, reflecting a broad decline at mid to lower pycnocline depths throughout the North Pacific basin (Fig. 2 and Whitney et al., 2013) . The magnitude of the trend is strongest at the offshore station. These trends have been described in detail elsewhere McClatchie et al., 2010; Whitney, 2011; Whitney et al., 2013; Meinvielle and Johnson, 2013) , and have been shown to influence the regional ecosystem through, for example, vertical compression of viable habitat for mesopelagic fishes (Koslow et al., 2011) .
It is expected that nutrient content would change concomitantly with dissolved oxygen, since oxygen is consumed during the remineralization of marine detritus and release of dissolved nutrients (Whitney et al., 2013) . Trends in the inorganic nutrients are apparent, although with significant heterogeneity between stations, depths and properties. At the CC station/depth (80.80, s θ ¼25.8 kg m (Fig. 2, left panels) . There is a small but significant trend towards higher nitrate but no trend in the concentrations of phosphate or silicic acid, or in any of the nutrient ratios.
At the depth of the subsurface spiciness maximum (s θ ¼26.5 kg m À 3 ), there is a clear difference in the long-term variability in nutrient content between the waters within the SCB and those well offshore (Fig. 2 , middle and right panels). At the CUC station (93.30), both nitrate and phosphate show significant long-term increases, while silicic acid shows a significant long-term decrease. Although both nitrate and phosphate increased over the period, their increase was at different rates, resulting in a substantial longterm decline in the N:P ratio. There is also a significant decrease in the Si:N ratio within the CUC core, reflecting the differential trends in these nutrients. Time-longitude plots of the Si:N ratio within the lower pycnocline (not shown) reveal a regime-like shift across Line 93, with consistently higher values prior to 1995 and lower values after 2000. The long-term trends in nutrients are substantially larger at the offshore station (93.110) and, for silicic acid, in the opposite direction (Fig. 2, right panels) . The relative rates of change also vary, resulting in no trend in the N:P ratio, but a significant negative trend in the Si:N ratio due to the strong increase in nitrate. The largest trend for any of the nutrient series was in the nitrate concentration at the offshore station (93.110) on the s θ ¼ 26.5 kg m À 3 isopycnal surface (0.10 μmol kg
Linear trends derived separately for each quarter reveal seasonal differences that likely reflect the seasonal cycle of the regional circulation (Tables 1 and 2 ). The CC undergoes a seasonal progression from a single core positioned $ 300 km offshore in winter to two cores approximately 300 km and o100 km offshore in Stn. 93.110 at σ θ = 26.5 1989 1993 1998 2003 2008 1989 1993 1998 2003 2008 1989 1993 1998 spring/summer, as an upwelling jet develops nearshore (Lynn et al., 1982; Chelton, 1984; Lynn and Simpson, 1987; Lynn et al., 2003) . This offshore current core strengthens in summer and autumn when its mean speeds and volume transports are highest (Lynn et al., 1982; Lynn and Simpson, 1987) . The CUC also has its highest volume transports in summer and autumn (Lynn and Simpson, 1987) . Additionally, geostrophically induced upwelling and winter convection have been shown to be important mechanisms for seasonal nutricline shoaling and the injection of nutrients into the euphotic zone (Mantyla et al., 2008 ). On the s θ ¼
kg m
À 3 isopycnal surface, the annual spatial patterns of dissolved oxygen and nutrient trends are most similar to the latewinter (January-March) patterns, when the largest trends occur, while the fewest significant trends occur in spring (April-June). These seasonal differences are most apparent in the offshore region ( Table 2 ). The impact of CUC transport on the water property trends is evident in the seasonal trends on the s θ ¼ 26.5 kg m À 3 isopycnal surface (maps not shown). While there are significant water property trends at most stations in all seasons, the late summer (July-September) positive nitrate and phosphate trends are lowest, and negative silicic acid trend highest, at Station 93.30 (Table 1) . This is consistent with a seasonal increase in CUC transport of low-nutrient waters of subtropical origin (Castro et al., 2001; Meinvielle and Johnson, 2013) .
Spatial patterns of water property trends
Maps of water property trends on the two isopycnal surfaces provide a broader view of water mass variability in the LTER-CCE/ CalCOFI region (Fig. 3) . The declines in DO are observed throughout the region, but are considerably stronger on the s θ ¼26.5 kg m À 3 isopycnal surface and on the offshore portion of the grid (Fig. 3) , as has been described earlier . The spatial patterns of trends in nitrate and phosphate are similar at both density levels: at s θ ¼25.8 kg m À 3 , the largest trends are on the southern end of the grid, with the region around the mean CC core having weaker, though still significant, trends. On the s θ ¼26.5 kg m À 3 isopycnal surface, the largest trends (maximum nitrate trend of 0.11 μmol kg À 1 y À 1 at Station 90.110) are in the offshore region, and weaker trends are observed within the immediate influence of the CUC, a pattern similar to the DO trends. Although there is a cross-shore difference in the magnitude of the nitrate and phosphate trends, they are increasing throughout the region over the 28-year period. These spatial patterns are consistent with influences from the dominant source waters to the region, from both mid-latitudes (Whitney et al., 2013) and the eastern tropical Pacific via transport of low-nutrient waters within the CUC (Castro et al., 2001; Meinvielle and Johnson, 2013) . The spatial patterns of silicic acid trends are considerably more complex than those of the other variables (Fig. 3) . As with nitrate and phosphate, there are strong positive trends in silicic acid in the offshore portion of the grid at both density levels. Unique to silicic acid, however, is a strong decreasing trend within the SCB at the s θ ¼26.5 kg m there are strong and opposing silicic acid trends at the upper and lower-pycnocline depths. The lower positive nitrate trends, and negative silicic acid trends, near the CUC core are consistent with the transport of low-nutrient tropical waters (Meinvielle and Johnson, 2013) . The variable spatial patterns of trends in the inorganic nutrients yield interesting patterns in the nutrient ratio trends. Trends in the N:P ratio are of opposite sign at the two levels in the offshore portion of the grid, but are strongly negative on the s θ ¼ 26.5 kg m À 3 isopycnal surface within the SCB. Trends in the Si:N ratio are also negative throughout the region, and strongest at the southern end of the grid at both levels.
Cross-shore structure of water mass variability
Time-longitude plots of spiciness and silicic acid on the s θ ¼ 26.5 kg m À 3 isopycnal surface reveal details of the cross-shore structure in lower pycnocline water mass variability in the region (Fig. 4) . The spiciness diagram summarizes interannual thermohaline variability along Line 93 over the 28-year record, and reveals a cross-shore dichotomy in the frequency of variability (see also Bograd and Lynn, 2003) . The high spiciness signature of El Niño events is evident in 1997-98 and 2002-04, but is generally confined to within 200 km of shore (Fig. 4A) . The offshore region is characterized by longer periods of relatively lower or higher spiciness, most likely reflecting low-frequency variations in the NPSG (expansion or contraction of the Gyre), but a much lower range of variability . The post-2000 period has been characterized by higher subsurface spiciness values in the offshore region. The silicic acid diagram demonstrates the strong variability in nutrient content at this level (Fig. 4B) , and different trends within the SCB and offshore regions, similar to the spiciness pattern. Prior to 1995, there was a consistently strong cross-shore silicic acid Table 2 Annual and seasonal mean water property trends (change in variable per year: z,
; NO 3 , PO 4 , Si(OH) 4 , μmol kg 
Discussion and conclusions
We have used the post-1984 CalCOFI hydrographic record to quantify water mass variability throughout the CCE-LTER/CalCOFI region. Dissolved oxygen shows a strong decline at mid-depths (within the pycnocline) throughout the region; in fact, the declines described in Bograd et al. (2008) have continued over most of the region with inclusion of an additional six years of data. Concurrent with the oxygen decline are strong increases in nitrate and phosphate concentrations at both upper and mid-pycnocline depths, with spatial patterns that match those of DO. Silicic acid also shows an increasing trend in the offshore portion of the region, consistent with oxygen and the macro-nutrients, but has strong and opposing trends in the upper (increasing) and midpycnocline (decreasing) depths. The varying rates of change in the inorganic nutrients yield a more complex pattern of variability in the nutrient ratios. These regional patterns, occurring at depths strongly impacted by advection, imply variability over long time and broader spatial scales, i.e., within the source waters. Indeed, trends in spiciness on Line 93 show a strong increase over the 28-year record within and at the depth of the CUC core (and declining spiciness, indicative of cooling, in the upper 100 m) (Fig. 5) . This suggests that modified waters advected from the NPSG and the eastern tropical Pacific are impacting the region. Furthermore, the biogeochemical trends observed throughout the CCE-LTER region are of the same sign and magnitude to those observed in the western and eastern subarctic Pacific (Whitney et al., 2013) , implying basin-scale climate forcing of oxygen and nutrient variability. 
Source water changes
Global ocean reanalysis products were used to identify potential mechanisms and time scales of the observed variability in subsurface water mass properties. Using the ECMWF ORA-S3 and SODA 2.1.6 reanalysis we define an index of the temporal evolution of the monthly subsurface spiciness anomalies along the s θ ¼26.5 kg m À 3 isopycnal surface. This index is the spatial average of the spiciness anomalies in the region defined by the coordinates 29.731N-41.731N and 129.951W-120.791W (green box on Fig. 6A,B) . We refer to this index as the CCS-spice index. Correlations maps of the CCS-spice index and the time series of spiciness anomalies for grid locations in the eastern Pacific along the s θ ¼ 26.5 kg m À 3 isopycnal surface show a strong agreement between SODA 2.1.6 and ORA-S3 (Fig. 6A,B) . The temporal evolution of the spiciness anomalies obtained from the two reanalysis products also shows a positive trend component (Fig. 6C) between the period 1984 and 2009 that is consistent with the CalCOFI hydrography. However, if we consider the entire extent of the record, these anomalies are characterized by substantial interdecadal changes, which need further investigation when assessing the significance of the observed trends after 1984.
To understand the link between the low-frequency anomalies in the source waters and the subsurface advection dynamics we conducted a simple lead-lag correlation analysis. Fig. 7 shows a sequence of lagged correlation maps between the ORA-S3 spiciness index and the spiciness anomalies along the s θ ¼26.5 kg m À 3 isopycnal surface. These maps suggest that the anomalies found in the CCS region propagate downstream following the path of the mean subtropical gyre circulation. These anomalies can be identified 5 years earlier in the North Pacific drift region around 401N (Fig. 7A ) and 3 years later around 201N (Fig. 7D) . Recent studies have used Argo profiles to track the propagation of large-scale spiciness anomalies throughout the subtropical and tropical North Pacific (Sasaki et al., 2010; Li et al., 2012) , with a propagation path and speed consistent with advection by the mean flow. These observations are similar to those observed here, although the Argo-derived anomalies were observed at a shallower level (25.0 os θ o25.5) and propagated more quickly. Meinvielle and Johnson (2013) also observed a positive spiciness trend in the eastern Pacific and attributed it to a northward shift of Pacific Equatorial Water transported via the CUC. This is consistent with the spatial pattern of the CalCOFI nutrient trends, which showed a clear CUC signal within the Southern California Bight (weaker positive nitrate and phosphate trends, negative silicic acid trend). These results indicate that large-scale subsurface climate dynamics may have a strong impact on the water properties of the CCE-LTER region, and particularly at the depths of source waters for upwelling (Chhak and Di Lorenzo, 2007) . 
Biological implications
The water mass changes described here could have important ecosystem implications. Using a suite of satellite products to examine chlorophyll-a concentrations off the California coast from 1996 to 2011, Kahru et al. (2012) determined that offshore waters had significantly decreased their chlorophyll-a concentrations. During the same time interval, nearshore waters exhibited significantly increased chlorophyll-a concentrations, particularly in the SCB, consistent with the surface nutrient trends observed here.
Within the Santa Barbara Basin, a unique suite of biological time series allows an examination of the potential impacts of the observed water property changes, particularly the stoichiometric changes. Recent studies here suggest taxonomic shifts have occurred over the last decade, with more intense diatom blooms in spring and summer and fewer large dinoflagellate blooms beginning in 2001 . A decrease in seasonally corrected integrated biogenic Si concentrations over the same time period, further suggests that these blooms may also signal a change in the speciation of the diatom-dominated food web that occurs during the upwelling season (Krause et al., 2013) . Indeed, evidence from a deepmoored sediment trap indicates that in 2000, there was an abrupt shift towards greater frequency and abundance of the neurotoxin producing, lightly silicified diatom, Pseudo-nitzschia. Furthermore, these Pseudo-nitzschia produced more of the toxin domoic acid, with only one large event (45 mg m À 2 d Sekula-Wood et al., 2011) . Such a transition in domoic acid production is consistent with previous research that suggests domoic acid production increases under Si or P limitation in uni-algal continuous and batch culture experiments (Pan et al., 1996 (Pan et al., , 1998 Bates et al., 1998; Fehling et al., 2004) . Field studies have also linked low Si:P and Si:N to the presence of toxic Pseudo-nitzschia blooms in both the Santa Barbara Basin (Anderson et al., 2006 (Anderson et al., , 2009 and the San Pedro Basin regions of the SCB (Schnetzer et al., 2007) . Thus, we hypothesize that the altered biogeochemistry of upwelled source waters from the CUC is impacting phyoplankton composition as well as the intensity and frequency of toxic Pseudo-nitzschia blooms. The biogeochemical changes observed here could have broader biological impacts throughout the region, including 'upstream' where modified waters provide a source for coastal upwelling. More studies are needed to address the forcing dynamics of these source water modifications, their impact on the transformation of upwelled water masses, and their effects on regional ecosystem processes, including changes in the abundance and community structure of zooplankton and ichthyoplankton (e.g., Chhak and Di Lorenzo, 2007) . and the many scientists and seagoing staff who have contributed to the collection, processing, and analysis of this excellent data set. We also acknowledge the California Current Ecosystem Long-Term Ecosystem Research (CCE-LTER) project, supported by a grant from NSF (OCE-0417616). The comments of two anonymous reviewers improved the manuscript.
